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Abstract 
The rabbit masseter is composed of mainly fast 
fatiguable type IIB fibers which give a positive 
mATPase reaction at pH 9.3. To study the effect of 
fatigue on the distribution of some crucial elements, 
the masseter was stimulated electrically for 45 mi-
nutes. The contralateral muscle served as a control. 
Control and experimental tissues were rapidly ex-
cised, and frozen in isopentane cooled to -15ooc in 
liquid nitrogen. Sections were cut in a cryostat and 
prepared by freeze-drying. Water content of fa-
tigued muscle was significantly higher than controls: 
79.3% versus 77 .3%. The fatigued state was verified 
by glycogen depletion viewed in PAS-stained sections. 
Ice crystal artifacts were more prominent in stimu-
lated muscle, suggesting cytoplasmic edema and/or a 
change in water state. Element analysis of myofi-
bers, using an scanning electron microscope equipped 
with a computer assisted energy dispersive X-ray 
spectrometer was performed at 15 kV for 100 sec-
onds. Counts were recorded for Na , Mg, P, S, Cl, K 
and Ca ( Mg and Ca counts were too low to evalu-
ate). Counts wer e converted to concentrations using 
a gelatin element standard. The most striking find-
ing in fatigued muscle was a decrease in K concen-
tration (33%) and an increase in Na (100%) and Cl 
(75%). P and S values were slightly lower. An in-
terpretation of these findings is made in relation to 
a) changes in water structure and b) conformational 
c hanges in myofibril macromolecules. 
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Introduction 
Repeated and continuous stimulation of a skele-
tal muscle leads to a state of fatigue; i.e., the length 
and strength of the contractions diminish to the 
point of no further response. This state is charac-
terized chemically by depletion of glycogen, creatine 
phosphate and ATP, and the accumulation of metabo-
lites including lactic acid (1, 4, 13, 14, 22). Fast 
twitch, type IIB muscle which has a high content of 
myofibrillar ATPase with a maximum activity at pH 
9. 4 is more rapidly fatigued than the other forms ( 4, 
15, 22, 24). 
Muscle fatigue can be induced experimentally b y 
t etanizing electrical stimulation. Somlyo and 
Gonzales-Serratos and their colleagues (9, 20, 21) 
hav e applied this method to th e study of frog skele-
tal muscle and submicroscopic changes in the myofi -
bers have been visualized by electron microscopy. 
Changes in elemental distribution have been observed 
using electron probe analysis. An increase in Na and 
Cl was found in association with a de crease in intra-
cellular K. Also, increased ice crystal formation was 
observed in the tetanized cells. We have studied 
this phenomenon in mammalian skeletal muscle. Be-
cause of our specific interest in masticatory muscles, 
experiments were done on the masseter of the rabbit, 
where the fast fatiguable fibers comprise the major 
group. 
Materials and Methods 
Nine male New Zealand rabbits weighing 2-3 
kilograms were used. The animals were initially an-
esthetized with Acepromazine-Ketamine followed by 
endotracheal administration of Halothane, nitrous ox-
ide and 02. The skin overlying the masseter muscles 
was incised and reflected. Biopsies were made imme-
diately of the left muscle for control purposes. 
These were handled according to the method de-
scribed below. 
Electrodes were inserted into the right muscle 
and electrical stimulation was done with a GRASS S-
48 stimulator employing the following parameters: 2-
3 volts, 0.5 trains/sec with a train duration of 340 
msec at a stimulation rate of 45-70 pulses per sec 
for a duration of 24 msec per pulse with a O. 2 msec 
delay. This is an empirical modification of such 
standard methods as those employed by Pette et al. 
( 1 7) . The stimulation was continuous for 45 minutes 
at which time the muscle had reached a point of 
minimal sustained contraction and was considered 
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fatigued. At this time small blocks were rapidly 
removed for microscopic study according to the 
following procedure: 
A 1-2 mm strip of tissue was excised and 
mounted on a small aluminum chuck oriented to avoid 
the cut ends. The tissue was, by rapid immersion, 
frozen in isopentane chilled to around 150°C in liq-
uid nitrogen. Sections were cut at 8 µm and 18 µm 
in a cryostat maintained at about -40°C. The sec -
tions were preserved by freeze-drying in a chamber 
mounted in situ in the cryos tat. 




10 µm . 
Rabbit masseter myofibers stained by PAS 
(a) control, showing distribution of glycogen; 
fatigued, showing glycogen depletion. Bar = 
338 
Fig. 2. Rabbit masseter stained for myofibrillar 
ATPase at pH 9.3. The muscle is virtually 100% 
positive. Bar = 10 µm. 
Histochemical Methods 
In order to c hara cterize the masseter muscle 
with respect to ATPase activity, 8 µm sections were 
stained for myofibrillar ATPase after preincubation at 
pH 9.3 according to th e Guth and Samaha (6) modifi-
cation of the method of Padykula and Herman (16). 
At this pH, type IIB rapidly fatiguable fibers are 
stained black, while type I fibers are unstained. 
Microprobe Studies 
Muscle preparations were essentially the same 
as described by Horowitz and Engel (10) . Frozen -
dried sections for microprobe analysis (18 µm) were 
mounted on carbon planchets using a dried glucose 
film as adhesive. In order to stabilize the tissues 
against the destructive effects of the ele ctron beam, 
they were exposed to paraformaldehyde vapor in a 
sealed vessel for 24h. The specimens were then 
coa ted with a carbon film in a vacuum evaporator to 
facilitate conduction. 
The sections were examined in a Cambridge S4-
10 scanning electron microscope (SEM) which was 
equipped with a silicon (Li) energy-dispersive X-ray 
detector. The detector was coupled to an analyzer 
and computer (EDAX) to record the elemental distri-
bution, element counts and mass ratios. The SEM 
was operated at 15kV with a gun current at 150 µA. 
The specimen current, measured with a sample cur-
rent meter, was around 10-ll A. To standardize the 
operating conditions, the lenses were adjusted so 
that an integrated count of 50, 000/ 40 seconds was 
obtained from an aluminum foil mounted on the plan -
chet with the specimens. The resolution of the de -
tector was calculated at 162eV using the Kcv. peak for 
Mn at 5.3 kV. 
The beam size was approximately 100nm. Under 
the operating conditions, the resolution, laterally and 
in depth, was calculated at around 5 µm. The analy-
sis was done on individual muscle fibers and fiber 
groups excluding extracellular material. A limited 
raster covering around 500 µm2 was used at a 
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magnification of about 500X. Sections from the 
surface of the block were discarded and cells at the 
edge of the section were excluded in order to 
minimize possible sampling of damaged fibers. The 
counting time was 100 seconds . For each of the 
nine animals, a total of 10-15 spectra were obtained 
from 3 sections. Mean values for each element were 
used. Student's "t" test was applied to the means of 
paired samples and "p" values were determined. 
Fig .. 3. SE M micrographs through cross-section of 
myofibers: (a) control; and (b) from fatigued mas-
seter. Holes in cytoplasm are due to ice damage. 
Bar = 10 µm. 
The computer program (EDIT EM) subtracts 
background and strips the spectral peaks, compensat -
ing for overlaps and separating the elements accord-
ing to considerations detailed by Russ (19). 
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In order to assign quantitative values to the 
counts for the individual elements, these were com-
pared with standards. The standards were prepared 
according to the method of Roomans (18) and con-
tained Na, P, S, Cl and K dispersed in 20% gelatin 
and 0.25% glycerol. The counts were expressed as 
milliequivalents per liter of H2O. 
Water Determination 
In five experiments, tissue water determinations 
were made in control and experimentally-fatigued 
muscle. Specimens were weighed immediately after 
exc1s10n. Water was removed by drying to constant 




-- The mean water value for control masseter was 
77.3+0.3 (Table 1). In fatigued muscle, the value was 
79.3+0.3. The P values calculated for paired analyses 
was highly significant (0.001 < P < 0.01). 
TABLE 1 
Percentage H2O in Rabbit Masseter ( Mean + S. E.) 
Control 
Fatigued 
p (pair ed analysis N 
Histochemical Results 
5) 
77.3 + 0.3 
79.3 + 0 .3 
> 0.001 
A heterogenous distribution of glycogen was ob -
served in control myofibers (Fig. la) . Fatigued mus-
cle was characterized by depletion of glycogen from 
most cells (Fig. lb). With the ATPase method almost 
all myofibers were positively stained and stimulation 
had no effect on this distribution (Fig . 2). 
Scanning Microscopy and Microprobe Analysis 
All myofibers contained ice crystal artifacts 
which varied in degree. However, as a general char-
acteristic, ice damage in fatigued cells was a domi-
nant feature as compared to controls (Figs. 3a and 
3b). In the elemental analysis significant differences 
were recorded for all elements; i.e., P, S, Cl, Na and 
K (Figs. 4a and 4b). The absolute values calculated 
for Na must be regarded with caution since they 
were obtained at the limit of sensitivity of the spec-
trometer. In Tables 2-4, the results are compared. 
Counts are converted to milliequivalents (Table 3). 
In the fatigued muscle, Cl and Na levels are elevat-
ed. P and S values declined, but the sharpest de-
crease was observed in K which was 33% lower in 
the stimulated myofiber. Striking differences are 
noted in the K/Cl ratios: 4.3 (control) vs. 1.6 (exp), 
and the K/Na ratios: 3.4 (control) vs. 0.9 (exp). 
The P and S concentrations are probably largely a 
reflection of the intracellular macromolecules in-
cluding contractile proteins, nucleoprotein and phos-
pholipids, while the other elements which were 
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studied are present in bound or ionic form. The 
expression (Na + K) - Cl represents a cation excess 
which would be balanced by immobile anions. This 
sum was lower in tetanized muscle. Ca counts were 
so low as to be unreliable values. 
Discussion 
In a number of tissues following excitation by 
nerve stimulation or the administration of various 
chemical agents including drugs and hormones, there 
are changes in electrolyte composition as determined 
by analyses of whole tissue (23, 25, 26). In ordinary 
biochemical studies on muscle, the sampling would 
include both myofibers and the surrounding connec-
tive tissue network. Under these conditions, sodium 
and chlorine values would tend to be elevated and 
potassium concentrations would be lower than the 
actual intracellular levels. With X-ray microprobe 
analyses employing SEM, electrolyte and other ele-
ments concentrations can be assigned an intracellular 
location (9, 10, 20, 21, 27) with a resolution of 
around 5 µm, approaching authentic intracellular 
values. The values reported (Tables 3 and 4) are 
consistent with those previously cited with the 
exception of low values for myofiber K and the K/P 
ratio. 
Certain changes in morphology and composition 
can be detected in fatigued striated muscle (5). 
Cytoplasmic vacuolization and increased ice crystal 
formation have been described in tetanized frog 
muscle (9, 20, 21). In this study of the fatigued 
rabbit masseter, the water content showed a small 
(2%), but highly significant increase. The increase in 
cytoplasmic ice damage suggests that the change 
could reflect an alteration in the concentration or 
state of cell, water, or both. 
During ordinary muscle contraction, the concen -
tration of intracellular sodium increases and potassi-
um levels drop . Frog muscle which has been brought 
to fatigue also shows a similar redistribution of these 
cations (7-9). 
These changes are usually attributed to the in-
hibition of ion pumps (c .f. 20, 21). An alterative 
view, based on principles of classical thermodynamics 
as applied to heterogeneous systems, is proposed: 
that resting muscle, composed in large part of con-
tractile proteins, water, and ions, is in a highly 
ordered, low entropy configuration and that on con-
traction, it passes into a state of low order and high 
entropy. In the low entropy state, intracellular 
water would be more highly structured and ice-like 
with a low dielectric constant, around 28, while in 
the contracted state, the water would behave like 
the ordinary bulk liquid with a dielectric constant of 
80 (3, 11, 12). This latter state is thought to prevail 
in the tetanized fatigued muscle which we have de-
scribed. This view of intracellular water structure is 
supported by NMR studies of muscle which reveal an 
increase in relaxation time (T2) and a well-defined 
broadened proton resonance whose line width is nar-
rowed during tetanic isometric contraction (2). 
The redistribution of Na, K and Cl which we 
noted in the fatigued masseter is consistent with a 
state of high entropy which includes water at a rela-
tively high dielectric constant and a changed con-
formation of contractile proteins. In this state, 
thermodynamic considerations favor the more highly 
hydrated sodium ion over the less hydrated potassium 
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(11, 12), which would accord with the observed shift 
in the ion ratios. The lower value, 88 meq. for (Na 
+ K) - Cl in fatigued muscle vs. 108 meq. in con-
trols, could reflect a change in charge density of an 
immobile anion. 
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Discussion with Reviewers 
G M. Roomans: Why was the left muscle not re-
moved at the same time as the right muscle? Would 
it have made any difference? 
Authors: The control muscle was removed at the be-
gmmng of the experiment to avoid any possible ef -
fects due to prolonged jaw movement powered by the 
tetanized contralateral muscle. 
G M. Roomans: Why did you use 0.25% glycerol? 
Authors: We had difficulty in obtaining dry sections 
of gelatin standards at higher concentrations of 
glycerol. 
M. Ashraf: How did the authors prevent the damage 
to the muscle while removing? There are also some 
reports that there is elemental change almost imme-
diately after removal of the tissue. How quickly was 
the muscle frozen? 
Authors: Specimens were excised almost instantly 
usmg sharp blades. Obviously there must be some 
damage of both control and fatigued muscle with 
possible element shift at the submicroscopic level. 
This is beyond the level of resolution in our study. 
The tissue was frozen within 20-30 seconds after re-
moval from the animal. 
M. Ashraf: In Fig. 4 there is an elemental peak 
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above the background, probably at 3.69 keV , Ca. It 
might be significant from the control muscle! 
Authors: There is an element peak for Ca, but the 
counts were too low to allow a valid comparison of 
control and experimental results. 
M. Ashraf: It is not convincing to this reviewer 
whether glycogen is heterogeneously distributed in 
control myofibrils. However, such distribution is 
possible in the fatigued fibers. 
Authors: Our microscopic observations made on 
many sections show that while most control myofi-
bers contain glycogen, the concentrations, as indi-
cated by staining intensity, differ. Most fatigued 
fibers were free of glycogen, i.e., of amylase 
sensitive PAS staining material. 
M. Ashraf: Please clarify whether the counts were 
made separately in the fibers depleted of glycogen or 
irrespective of glycogen distribution. 
Authors: Our technical methods were not sufficient-
ly refmed to allow preparation of serial sections. 
Nevertheless, in the fatigued muscle, most myofibers 
were depleted of glycogen. 
L.M. Buja and D. Parsons: Ice formation (damage) 
should not be affected by changes in tissue water 
content. Pure water, solutes, and tissue can be fro-
zen in an amorphous state where no freeze artefact 
is produced. The freeze damage occurs when the 
freezing rate is too slow. Please comment. 
Authors: We have done freeze-dry fixation since 
1950 and published one of the early papers on the 
application of the method to cryostat technique (29). 
We are, of course, aware that ice damage can be 
minimized by a number of means, including shorten -
ing the freezing time. In actual practice with tis-
sues one rarely encounters a homogeneous field. The 
reticulated appearance at the optical or submicro-
scopic level ( "ice crystal artifacts") are instructive, 
nevertheless. The artefact occurs with greater fre-
quency in highly hydrated cells and extracellular 
structures, and with much lower frequency where the 
water content is lower. Therefore, where the condi-
tions of immersion for chilling are maintained rela -
tively constant, ice damage artifacts are valuable 
qualitative indications of hydration. 
L.M. Buja and D. Parsons: Rabbit masseter muscle 
has been depicted as a mixed muscle by several in-
vestigators. A low and high magnification micro-
graph needs to be included. If the area of biopsy 
was truly 100% type IIB, serial areas should be typed 
histochemically and analyzed for elemental content. 
R. Wroblewski: The author states that rabbit masse-
ter muscle 1s composed mainly of type II fatigue 
muscle (contrary to masseter in man). What subtype 
of type II muscle is it - IIA, IIB or IIC, according to 
staining procedure for myofibrillar ATPase? 
Authors: Rabbit masseter myofibers are virtually 
exclusively positively stained by the alkaline 
mATPase method in our experiments. These results 
are in agreement with those of Schiaffino ( 32). A 
micrograph at lower magnification, covering a larger 
field, would only confirm this finding. Schiaffino, 
however, did identify a group of myofibers (29%) 
which stained strongly positive after preincubation at 
pH 4.35. Presumably these could be type IIA or even 
I. The masseter cannot be considered as homogene-
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ous with respect to fiber type. Nevertheless, we 
consider the muscle a fast contracting muscle com-
posed mainly of fast fatiguable type IIB fibers. We 
conclude that the muscle and its myofiber were in a 
state of fatigue after 45 minutes of direct electrical 
stimulation by the observations that 1) visually 
observable contraction had ceased, and 2) virtually 
all myofibers were depleted of glycogen as demon-
strated by the PAS reaction. Histochemical typing 
and microprobe analysis of serial sections, while 
possibly desirable, presented such formidable techni-
cal difficulties for us as to lie beyond our capabili-
ties. We chose this more modest preliminary attempt 
which remains the only one of which we are aware. 
L.M. Buja and D. Parsons: Cutting and handling 
muscle causes depolar1zat10n and electrolyte shifts. 
How was this controlled for between experimental 
and control muscles? (See Ingram and Ingram (30), 
for soft tissue preparation in human biopsies). 
Temperature changes between -1600C, - 120°c, -9o 0c 
and again at room temperature have been shown to 
cause elemental shifts, particularly in Cl. Were the 
control and experimental muscles treated in exactly 
the same manner with reference to fixation, drying, 
carbon coating, and transfer between stations and 
the electron microscope? 
Authors: Undoubtedly there must be some injury to 
the myofibers during the biopsy procedures. We 
tried to minimize these by rapid excision (20-30 sec-
onds) using sharp blades and rapid freezing on alumi-
num holders in -15ooc isopentane. We treated con-
trol and experimental sections in exactly the same 
manner with respect to freeze-drying procedures, 
treatment with paraformaldehyde vapor, carbon coat-
ing and transfer to the electron microscope. We 
were surprised to find (unpublished experiments) that 
excised muscle which has been kept in a humid 
chamber for 1-2 hours shows no significant change 
in electrolyte composition at the microscopic level. 
We reviewed the paper of Ingram and Ingram (30) 
and would raise the same question as that posed by 
J .L. Abraham (in his discussion of Ingram and Ingram 
paper) with respect to the use of an embedding pro-
cedure which has the potential of leaching out lipids, 
lipoproteins and affecting element distributions. The 
results of their Table I, using the rapid collection 
method, deviate widely from any values in our ken 
especially with respect to Cl, Na and K/ Na. Actual-
ly, the values obtained by needle biopsy conform 
more closely to those generally accepted (c. f. 
Widdowson and Dickerson, ref. 33; and Joseph, text 
ref. 11). 
L.M. Buja and D. Parsons: Beam size should have 
varied with the fiber cross-sectional area to assure 
no overlap into extracellular space. According to 
the micron indicators, the fiber size ranges from 
30-60 µm in diameter. Extracellular space and 
adjacent fibers would be included in a 100 µm scan. 
Authors: The beam size was around 100 nanometers 
(in diameter). At the maximum, the scanning raster 
was 500 µm2, and not 100 µm as you state. If we 
assume a 30 µm radius for a myofiber (low average), 
then the safe intracellular scan would be (30)2 11 = 
2826 µm2. The beam and raster size which we em-
ployed did not impinge on the extracellular space. 
L. M. Buja and D. Parsons: If the values in Table 4 
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are multiplied back to mMoles/kg dry weight concen-
trations, hydration factors of 4.35 (77% water, 23% 











This indicates a high Na and low K to Na ratio. 
If P and S reflect contractile proteins, nucleopro-
teins, and phospholipids and they decrease during fa-
tigue, where did they go? Are the authors suggest-
ing some form of injury? 
Authors: Our values are stated with reference to 
water. We believe that water and its state are of 
central importance. The control values which we 
calculate are not unreasonable when compared to 
those recorded in the literature (Widdowson and 
Dickerson (33); Joseph, text ref. 11; Horowitz and 
Engel, text ref. 10). Buja and Parson's calculations 
appear to be in error. We are not suggesting some 
form of injury. We are not prepared to discuss the 
possible loss of macromolecular components during 
fatigue. In response to the referee's query "where 
did they go?", when the intracellular macromolecules 
disaggregate, they may diffuse out of the cell and 
into the blood. 
L.M. Buja and D. Parsons: There is evidence that 
electrolytes vary between and among fiber types, 
which is reflected in resting membrane potential and 
contractile properties. We think the control values 
are not as good as they could be, and reflect tech-
nique problems. There is no evidence in this study 
to substantiate the thermodynamic theory suggested 
as an explanation of the results. Increased relaxa-
tion time have to date been closely associated with 
SR function. Detailed reviews on fatigue theory can 
be found. 
Authors: We are not aware of the studies which 
estabhsh the significant variations of electrolytes 
among myofiber types. Even if the control myofibers 
were heterogeneous, it is clear that, as a group, they 
differ very significantly from the experimental (fa-
tigued) myofibers with respect to the electrolytes. 
We have already addressed the issue of our control 
values (see above). The results are consistent with 
values of other workers. We do not claim a high 
order of precision since at every point the method of 
microprobe analysis has limitations. 
Discussion of the distribution of electrolytes in 
muscle, especially Na, and K, are centered around 
the two points of view: 
1. Membrane theories: these require the postulate 
of active transport of the ions. Hodgkin, Huxley, 
and many others have been the major proponents. 
2. Equilibrium theory: this is based on: (1) the 
notion of cytoplasmic colloids bearing a fixed nega-
tive charge; (2) differences in ionic hydration shells 
and hydration energies of Na and K; and (3) a devia-
tion of the dielectric constant of intracellular water 
from that of ordinary bulk water. This view has 
been developed by us in our publications (text refer-
ences 3, 11, 12) and by Ling (31). 
R. Wroblewski: It is well-known that different Type 
II muscles have different fatigue properties (Fitz et 
al., ref. 28). The authors should discuss the possible 
effect of ischemia on skeletal muscle. Elemental 
M.B. Engel and J.K. Bressman 
changes and changes in the water content in the 
fatigued masseter muscles can be partially caused by 
high pressure in the muscle (causing ischemia) during 
the electrical stimulation up to the tetanus (when 
muscle stops to function in contracted state). This 
alone could cause change in ionic and water content. 
Authors: It is generally agreed that IIB fibers are 
readily fatigued. In any case, the method of direct 
electrical stimulation, which we applied, resulted in 
cessation of visible contraction and glycogen deple-
tion in virtually all myofibers as determined by the 
PAS method. We believe these to be reasonable cri-
teria of fatigue. Could the changes in pressure and 
possible ischemia affect the water distribution?- -
We do not know. We doubt that the shift in element 
distribution, especially the change in the Kl Na ratio, 
can be attributed to physical factors alone. 
R. Wroblewski: In our laboratory we have been sti-
mulating electrically single motor units in the rat 
soleus muscle with an effect of complete glycogen 
depletion in about 100 muscle fibers within the 
cross-sectional area, while the rest of the mus c le 
fibers were PAS-positive . This type of stimulation 
prevents the muscle from becoming ischemic. In our 
system, we could not detect any significant differ -
ences in elemental composition between stimulated 
and non-stimulated fibers ( PAS-negative vs. positive). 
Could you comment on that with regard to your 
findings? 
Authors: The rat soleus is considered to contain 
mamly Type I, fatigue resistant fibers. In many 
respects, this differs from the fast contracting 
presumably fast fatiguable rabbit masseter. Neve r-
theless, we are unable to make any useful comments 
on the negative findings which you report. 
Additional References 
28. Fitz RH, Courtright JB, Kim DH, Witzmann 
FA (1982). Muscle fatigue with prolonged exercise: 
contractile and biochemical alterations. Am. J. 
Physiol. 242: 65- 73). 
29. Freitag P, Eng el MB, Svihla G (1971). 
Cryostat cut, freeze-dried tissues for microscopic 
investigations . The Microscope, 19, 271-279. 
30. Ingram MJ, Ingram FD-(1984). Electron 
probe microanalysis for clinical investig ations : 
microdrop and soft tissue analysis. Ann. N. Y. Acad. 
Sci 428: 101-107. 
31. Ling GN (1984). In Search of the Physical 
Basis of Life. Plenum Press , NY. 
32. Schiaffino S (1974). Histochemical enzyme 
profile of the masseter muscle in different mam-
malian species. Anat. Rec. 180: 53-62. 
33. Widdowson EM, DicKerson JWT (1960). The 
effect of growth and function on the chemical com-
position of soft tissue. Biochem. J. 74 :247-257 
344 
